A B S T R A C T In vitro studies indicate that bilirubin and other albumin-bound substances can be efficiently removed from plasma by filtration over albumin-conjugated agarose beads. The effectiveness of this technique in vivo was investigated in rats by using a closed extracorporeal hemoperfusion system. Five Gunn rats whose endogenous bilirubin pool had been labeled with ['H]bilirubin and five Sprague Dawley rats with surgically created biliary obstruction were chosen as models of unconjugated and conjugated hyperbilirubinemia. Indocyanine green was injected into rats and its removal also studied. In the Gunn rats, 98% of the bilirubin was removed from plasma during the initial pass over the column as determined isotopically and chemically. Plasma bilirubin levels fell more than 70% from 8.2±1.6 mg/ 100 ml (mean±+SD) to 2.6±0.5 mg/100 ml during a 1-h hemoperfusion. An average of 1,061 yg of bilirubin was recovered from the columns, representing 22.5± 4.2% of the total exchangeable bilirubin pool and 96± 36.4% of the plasma pool. Results were similar in the rats with biliary obstruction and in those given indocyanine green. Normal Sprague Dawley rats experience minimal changes in formed blood elements, electrolytes, and proteins as the result of hemoperfusion. When the total volume of the column did not exceed 51% of the estimated blood volume of the animal, the survival rate was 100% in 20 studies, and the procedure was without observable ill effect. Extrapolation of both in vitro and in vivo data to man suggests that extracorporeal hemo-
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INTRODUCTION
The accompanying paper describes the efficient removal of bilirubin (BR)' and other protein-bound substances from plasma and whole blood in vitro by filtration over agarose beads coupled to human serum albumin (HSA) (1) . The purpose of the studies reported here was to evaluate the effectiveness of these beads in removing BR from the circulation in vivo when a simple extracorporeal hemoperfusion system was used. Congenitally jaundiced Gunn rats which lack glucuronyl transferase and rats with surgically created biliary obstruction were chosen as models of unconjugated and conjugated hyperbilirubinemia, respectively. Indocyanine green (ICG), another tightly albumin-bound substance, was injected into rats and its removal also studied. In addition, the effect of hemoperfusion on formed blood elements and plasma electrolytes was examined.
were replaced at both the top and bottom ends by plain or gold-plated (Alexandria Metal Finishers Inc., Alexandria, Va.) stainless steel cloth (200 mesh). Disposable polypropylene columns (Chromaflex, Kontes Glass Co., Vineland, N. J.) with nylon cloth ends (400 mesh) and Pharmacia K16 glass barreled columns treated with silicone (Dow Corning #360 medical fluid, Dow Corning Corp., Midland, Mich.) were also used.
Agarose-albumin conjugates. Sepharose 6B (Pharmacia Fine Chemicals, Inc.) or Biogel A5m, 100-200 mesh (BioRad Laboratories, Richmond, Calif.) was coupled to HSA by methods described in the previous paper (1) . The agarose-HSA conjugates contained 30-50 mg HSA per gram wet wt of gel.
Packing was accomplished by pouring a slurry of agarose-HSA into a column containing a small amount of 0.14 M sodium chloride and regulating the outflow at 1 cm/min with an LKB Series 12,000 peristaltic pump (LKB Industries, Bromma, Sweden). When the column was fully packed and the upper retaining mesh put in place, air was expelled from the upper end by gently tapping the column while 0.14 M sodium chloride was pumped into the lower end.
Extracorporeal hemoperfusion technique. The rat to be hemoperfused was anesthetized with a 50 mg per kg intraperitoneal injection of pentobarbital (Abbott Laboratories, Chicago, Ill.) and an artery and vein cannulated with PE 50 tubing (Clay-Adams, Inc., Parsippany, N. J.). Although the right carotid artery and jugular vein were used in most instances, the femoral vessels were also used in animals undergoing multiple studies. The arterial cannula was connected to a modified Teflon stopcock which served as an inflow sampling site (2) . This, in turn, was connected to the top end of the column containing the gel. Interposed between the bottom end of the column and the venous cannula were an LKB peristaltic pump which regulated the flow of blood in the circuit and a second (outflow) sampling site. The complete extracorporeal hemoperfusion circuit is shown in Fig. 1 .
The extracorporeal circuit was primed with warmed heparinized saline (2 U/cm8), and the rat given 500 U/kg body wt of heparin intravenously. The arterial and venous cannulae were then connected and the pump started. Blood flow through the extracorporeal circuit was generally maintained at 1 cm' per min. During the study, the rat's body temperature was monitored by a rectal thermometer and maintained at 36-370C with an infrared lamp. Control blood samples for determination of plasma bilirubin concentration ({BR}) were obtained from the inflow sampling site at the beginning of the study. After a quantity of blood equivalent to the total volume of the column had passed through the circuit, a second sample was taken from the outflow sampling site. When compared with the control values, this sample allowed calculation of the percentage of BR removed by the gel during the initial pass. Perfusion was generally continued for 1 h, and a blood sample was taken from the outflow sampling site just before termination of the study. At the completion of hemoperfusion, the blood remaining in the circuit was returned to the rat by flushing a single column volume of warmed, heparinized saline through the system. A final sample of rat blood was then taken from the arterial line for determination of plasma {BR}. Comparison of these last two samples indicated whether the gel had equilibrated with the plasma or was still removing BR at the end of the study. The samples obtained from the rat before and after hemoperfusion indicated the overall FIGURE 1 Extracorporeal hemoperfusion circuit.
effectiveness of the procedure in lowering the plasma {BR} in vivo.
At the completion of perfusion, the arterial and venous cannulae were removed and the rat allowed to awaken. The column was washed with two column volumes of phosphate-buffered saline (0.14 M sodium chloride-0.01 M sodium phosphate, pH 7.2) and then with one column volume of 1.0 M sodium chloride in the reverse direction. Elution with 50% (vol/vol) ethanol in water was then performed as described (1) , and the ethanol eluate assayed for BR and radioactivity.
Bilirubin measurements. The {BR} in rat plasma was determined on 20-,ul samples by using a micromodification of the method of Weber and Schalm (3). In the Gunn rat studies, the total {BR) in the ethanol eluate obtained from the columns was determined by three different methods.
(a) The van den Bergh reaction was used as described in the in vitro studies (1) in bile fistula dogs as previously described (4) . By using a special sampling apparatus (2), arterial samples were obtained every 30 s for the first 3 min and at longer intervals thereafter. At 75 min, the cannulae were removed and the animals allowed to awaken. Subsequent blood samples before extracorporeal hemoperfusion were obtained from a lateral tail vein over the next 72 h after which the animals were hemoperfused as described above. All plasma samples were subjected to a micromodification of the Weber-Schalm partition and the radioactivity extracted into the lower layer was used for calculation of the plasma isotope disappearance curve. The procedure is analogous to that previously described (5) . A typical [3H]BR disappearance curve in a jaundiced Gunn rat is shown in Fig. 2 . Plasma BR pool and total miscible BR pool were calculated from the radiobilirubin disappearance curves and the plasma {BR} as indicated below. Radioactivity present in the injected material, the ethanol eluate from the perfused column, and the lower layer of the Weber-Schalm extraction of plasma samples were determined by standard liquid scintillation counting methods in Aquasol (New England Nuclear, Boston, Mass.), with internal standardization for quench correction. Multiple aliquots of the ethanol eluate were counted, and at least 5,000 counts were accumulated on all samples and background in order to insure that the error in the net count rate did not exceed 3%o.
To prepare the biliary obstruction rats, five normal Sprague Dawley rats were anesthetized and their bile ducts ligated through a small laparotomy incision. The plasma {]BR} generally plateaued in 3-5 days and the animals were hemoperfused 1-10 days thereafter.
In preparation for the ICG studies, two Sprague Dawley rats were anesthetized and their bile ducts ligated. They were given 35 Laboratory determinations. Blood electrolytes and calcium concentration and complete blood counts including platelet counts and leukocyte differential counts were performed on coded samples (Bionetics Medical Laboratories, Falls Church, Va.). Peripheral blood smears before, during, and after hemoperfusion were examined by the investigators. Plasma cortisol determinations were performed by radioimmunoassay in the laboratory of Dr. Lynn Loriaux at the National Institutes of Health. Total plasma thyroxine levels were determined by competitive protein binding in the National Institutes of Health clinical laboratories.
Other stuidies. An additional 23 normal Sprague Dawley rats were hemoperfused with columns of various volumes.
Blood samples from the aniimals before and after perfusion in addition to samples of column effluent were examined for formed blood elements and blood chemistries.
Calcuilations. In the Gunn rat, the time required for distribution of the injected isotope between the various exchanging body pools (,-90 min) is relatively short when compared with the time required for ultimate disappearance of the isotope from the system (average biological half life = 39 h). This permits analysis of the radiobilirubin disappearance data in terms of a unicompartmental model. Under this circumstance extrapolation of the final exponential to zero time (To) yields a reasonable estimate of the total volume of distribution of the injected isotope (TVDBR),2 and hence the total size of the readily exchangeable bilirubin pool (TBRP = TVDBR X plasma {BR}. Extrapolation to To of the portion of the curve defined by the initial 3-4 points, obtained during the first 1-2 min after injection of the isotope, yields an approximation of the plasma volume of distribution of the injected [3H]BR (PVDBR) and hence, of the plasma bilirubin pool (PBRP = PVDBR X plasma {BR}). The plasma [3H]BR activity at the start of hemoperfusion (dpm/mlH) was determined by extrapolating a least squares fit of the final exponential to the time of initiation of hemoperfusion. The plasma {BR} in micrograms per milliliter ({BR}p) used in the calculation of the preperfusion pool sizes is the average of the values obtained 3 h before and at the onset of hemoperfusion. These two figures agreed quite closely. With these data, as well as the total radioactivity (dpmc,,) and micrograms of bilirubin (BR,,.) recovered from the column, the following calculations are possible.
1. Percentage of TBRP and PBRP removed during hemoperfusion as determined by column isotope recovery %PBRP = dpn ViDB X 100 (1 a) (dpm,/niH) X (PVDBR),11
Percentage of TBRP and PBRP removed as determined by the number of micrograms of bilirubin recovered 2 Abbreviations used in these calculations and Table I: BR,,,, bilirubin recovered from the column; {BR}1,, {BR} in column effluent after first pass; {BR},, plasma bilirubin concentration at the beginning of hemoperfusion; dpm,,0, radioactivity recovered from the column; dpm/mla, plasma [3H] BR activity in the rat at the beginning of hemoperfusion; dpm/ml p, radioactivity in column effluent present after first pass through circuit; PBRP, plasma bilirubin pool; PVDBR, plasma volume of distribution of [3H]BR; TBRP, total miscible bilirubin pool; TVDBR, total volume of distribution of ['H]BR. In addition, the isotope data and chemical measurements of BR obtained from the column outflow site after a single column volume of blood had passed through the perfusion circuit (dpm/ml,p, (BR),5) permit calculation of the percentage of BR removed during the initial pass over the column (%BR removed,.). 5 . Percentage removed as determined by isotope data %BR removedi5 = (dpm/mIH) -(dpm/mlip) X 100 (5) (dpm/mlH) (Table I) . body pool (%PBRP' and %TBRP'). Analogous A 12.5-cm3 column was used in all Gunn rat studies. ations based on measurements of radioactivity re-The column appeared to have equilibrated with plasma zd from the column (%PBRP, %TBRP) show that at the end of each 60-min perfusion. This conclusion was 36.4% of the plasma bilirubin pool and 22.5±4.2% based on two observations. First, the column was unitotal miscible pool were removed. The fact that formly yellow-orange from top to bottom. Second, the {BR} in the column effluent just before the termination of hemoperfusion and the {BR} in the rat after hemoperfusion agreed quite closely (Table I , studies 3 and 4 b), suggesting that the column was no longer removing BR from the circulating rat blood at the end of the study.
Together, these suggest that the amount of BR bound to the gel should reflect, at least in part, the initial plasma {BR} in the rat. When the quantity of bilirubin removed (lAg/g gel) is plotted as a function of the initial plasma {BR} (,ug/ml) (Fig. 3) , a linear relationship is observed. Although the five Gunn rat studies represent a relatively narrow range of plasma BR concentrations, (5.6-10.3 mg/100 ml), the slope of the regression line (1.06) and the correlation coefficient (r = 0.85) suggest that the column functions in vivo very much as it has in vitro (1). Furthermore, the data suggest that in these experiments the column capacity (up to 106 /g/g gel) was limited primarily by the initial {BR} in the rat. Biliary obstruction rats. Seven hemoperfusions performed on five rats with biliary obstruction are summarized in Table II . The data from two rats undergoing replicate studies are shown in columns 2 a and b and 3 a and b. Unlike the Gunn rat, whose replicate studies were 3 wk apart, these were completed within several hours of each other.
Virtually all (96.5%) of the predominantly conjugated BR in the obstructed rat studies was removed from the first column volume of blood passing through the gel. In addition, the percentage of total BR recovered from the column after hemoperfusion which was conjugated (91.0%) was nearly identical to the percent conjugated BR present in the rat before hemoperfusion (91.7%).
In the rats with biliary obstruction and the Gunn rats the flow rate through the extracorporeal circuit (1 cm8/ min in all studies), the average BR concentration before hemoperfusion (7.47 and 8.24 mg/100 ml) and therefore the total BR load presented to the column, the total time of hemoperfusion (55.7 and 60 min), and the total amount of BR removed from the column (1,020 and 1,061 /hg) were very similar. It thus appears that the albumin-agarose beads bound conjugated BR just as effectively as unconjugated.
The overall fall in {BR} in the rats with biliary obstruction after hemoperfusion (from 7.47 to 4.88 mg/100 ml) was less than that in the Gunn rats. However, because of the significantly larger size of the rats with biliary obstruction (635 vs. 404 g), the total number of plasma volumes passed through the column was less and the plasma and total miscible BR pools were greater in this group than in the Gunn rats.
Inspection of the columns following hemoperfusion showed them to be much more yellow-orange at the top than at the bottom, suggesting that complete equilibbration with plasma had not yet occurred. This observation was confirmed by comparison of the average {BR} in the rat after hemoperfusion (4.88 mg/100 ml) and in the column effluent at the termination of hemoperfusion (1.27 mg/100 ml) which indicates that, at the end of the study, the column was still removing nearly 75% of the BR presented to it. This contrasts with the nearly complete equilibration of BR between the rat plasma and gel which occurred in the Gunn rat studies and probably reflects the fact that bigger columns were used in the rats with biliary obstruction (mean 18.4 vs. 12.5 ml).
Column elution. In both the Gunn and biliary obstruction rat experiments, essentially all the BR as determined chemically and all the radioactivity recovered from the column was contained in the 50% ethanol eluate. No BR or radioactivity was eluted with either the phosphate buffered saline or 1.0 M sodium chloride washes.
The 50% ethanol solution eluted both conjugated and unconjugated BR in a sharp band and returned the gel to a translucent state. The gel following ethanol elution in the Gunn rat studies was indistinguishable from freshly prepared gel. After elution of the predominantly conjugated BR in the biliary obstruction studies, however, the gel appeared a faint green. Elution with up to 70% ethanol did not remove this green color.
Indocyanine green rats. ICG, like conjugated and unconjugated BR, was nearly completely cleared (average = 97.3%) from the first column volume of blood on its initial pass through the circuit, and an average of 1,016 lAg of ICG was recovered from the ethanol eluate. The plasma ICG concentration decreased markedly after hemoperfusion in both studies (from an average of 23.7 mg/100 ml before hemoperfusion to 10.7 mg/100 ml after hemoperfusion), although approximately 10-15% of this decrease may be attributed to continued hepatic clearance, since the ICG concentration had not quite plateaued when hemoperfusion was begun.
As in the studies with BR, no ICG was eluted with either phosphate buffered saline or 1.0 M sodium chloride. The 50% ethanol solution eluted the ICG in a sharp green band and restored the gel to its pre-perfusion translucent state.
Additional data. Samples taken from rats before and after hemoperfusion, as well as from the column effluent, were examined for formed blood elements. Table III includes data from two representative studies. The hematocrits generally remained unchanged or decreased slightly, probably as a result of surgical blood loss, heparinization, blood sampling, and hemodilution. Erythrocyte morphology was unchanged. Platelet counts in the intact animal generally showed a modest decrease during heimoperfusion, and samples taken directly from the column effluent varied from unchanged to markedly decreased. Total leukocyte counts in the intact aniimal Removing Bilirubin from Jaundiced Rats In Vivo Two studies revealed no significant changes in plasma electrolytes or protein electrophoresis, and calcium decreased slightly from 10.8 to 10.1 mg/100 ml and from 9.8 to 9.2 mg/100 ml on two occasions. In three studies, plasma cortisol concentration in the rat decreased from 17.85±0.57 ,ug/lOO ml before perfusion to 12.70± 0.82 Ag/100 ml after perfusion. The cortisol concentration in the column effluent was 0.21±0.29 Ag/lOO ml after a single column volume of blood had passed through the system and 17.21 Ag/lOO ml at the end of hemoperfusion (single study). Similar results were found in a single study of plasma thyroxine, which decreased from 8.1 to 1.7 /Ag/100 ml in the rat following hemoperfusion with no detectable thyroxine in the column effluent after a single pass. Thyroxine levels in the column effluent at the end of the study were not measured. Although these results might suggest that cortisol, like BR, is tightly bound to the beads, they are also compatible with simple retardation of cortisol by the albumin-agarose beads, as found in vitro (1) . The fact that the cortisol concentration in the column outflow at the end of the study exceeded the simultaneous concentration in the rats supports the latter interpretation. DISCUSSION A safe and effective method for the removal of proteinbound drugs and toxic metabolites from the body would find application in a number of clinical situations includ-ing drug intoxication and hepatic failure. A relatively new approach to this problem involves the adsorption of these substances onto insoluble particles or surfaces.
In the earliest experiments, ion exchange resins were administered by mouth or employed in extracorporeal hemoperfusion systems (6, 7) . Various resin types have successfully removed protein-bound substances such as bromosulfophthalein, chenodeoxycholate, and unconjugated BR in vitro (8) . Further evaluation of this technique in vivo (9) has shown that bromosulfophthalein can be cleared effectively from plasma, while chenodeoxycholate and conjugated BR are less efficiently removed. ICG was not removed to any significant degree by the resins tested. Resin polymers can also effectively adsorb ammonia (10) (11) (12) (13) (14) and a limited trial of resin hemoperfusion in three patients with hepatic coma did significantly lower blood ammonia although clinical improvement was minimal and short-lived (15) . Resin hemoperfusion has also been applied to the treatment of drug intoxication, and its use in the treatment of glutethimide and phenobarbital poisoning has been encouraging (16, 17) .
These synthetic adsorbents vary widely in their ability to bind test compounds, and have the disadvantage of nonspecific binding of a variety of other plasma components. Thus, significant hypokalemia (12, 18) and hypocalcemia (19) have resulted from perfusion over charged ion exchange resins, although this problem may be circumvented by using a mixture of resins equilibrated with different counter ions (12, 13) . Thrombocytopenia and leukopenia (9, 16) have also been complications during in vivo studies.
Activated charcoal readily adsorbs water-soluble wastes such as creatinine, uric acid, and guanidine derivatives (20, 21) . The problems of blood compatibility and particle emboli have been largely overcome by microencapsulation with nylon, methacrylate, or cellulose nitrate (22) (23) (24) , and hemoperfusion over microencapsulated charcoal has been effective in the clinical management of the uremic syndrome (25) . Drugs such as acetylsalicyclic acid, acetaminophen, barbiturates, and glutethimide, which show some protein binding, have also been removed from plasma in vitro (26, 27) and in vivo (28) (29) (30) (31) (32) by this technique.
Charcoal has been minimally effective, however, in removing BR, which is tightly albumin bound (20, 33) . In a single case, attempts to assist hepatic excretory function in a patient with hepatic coma by hemoperfusion over albumin-coated microencapsulated charcoal was encouraging, although no change in blood ammonia and only small changes in {BR} were reported (34) . It is possible that the albumin coating of these microcapsules removed BR independently of the charcoal core.
The use of HSA-agarose conjugates has two potential advantages compared to synthetic resins and activated charcoal. The first is the predictable and selective removal only of those substances for which albumin serves as a carrier molecule. Second, the HSA-agarose beads appear to produce no significant changes in formed blood elements. The experiments described here demonstrate the efficient removal of the tightly albumin-bound substances, conjugated and unconjugated BR, and ICG from anesthetized rats by hemoperfusion over these beads.
There is evidence to suggest that rat albumin may bind unconjugated BR less tightly than does HSA (35) . However, since the albumin-agarose beads were as effective in removing unconjugated BR from human plasma in vitro (1) as rat plasma in vivo, it is unlikely that any species differences in albumin-binding affinities explains the effectiveness of these beads in this study.
It is possible to calculate the BR clearance (CBR) achieved by the gel in these studies as follows:
CBR= (flow rate) X (% BR removed) (7) where the percentage of BR removed by the column is calculated as described above (Eqs. 5 and 6). Since the BR was essentially completely cleared from blood during the first pass over the column in all studies, CBR was approximately 1 cm3/min initially, and was limited only by the flow rate in the extracorporeal circuit. In the rats with biliary obstruction, where columns of greater bed volume were used, CBR was still~0.75 cm3/ min at the termination of the study. These values compare favorably with preliminary results indicating that hepatic BR clearance in normal Sprague Dawley rats is 0.30±0.02 cm3/min/100 g body weight (36) .
Laboratory data obtained from the rats before and after hemoperfusion indicate that the intact rat experiences minimal or no changes in the basic blood chemistries measured, or in formed blood elements during hemoperfusion. When the column volume did not exceed 51% of the estimated blood volume, the survival rate was 100%.
Although potential problems such as sterility, pyrogenicity, particle emboli, and hemodynamics must be resolved, it is nevertheless interesting to speculate on the clinical feasibility of this approach for assisting hepatic excretory function. A 70-kg man with a normal red blood cell volume and lifespan produces~1,900 mg of BR/wk. If it is assumed that (a) he is totally unable to clear this endogenous BR load, (b) his average plasma {BR} before extracorporeal hemoperfusion is 10 mg/100 ml, and (c) an extracorporeal flow of 100 cm/3min can be maintained (easily achieved with arterio-venous shunts currently in use), it would be possible to achieve an initial CBR of~100 cm'/min (10 mg/min) over a fresh column. In comparison hepatic CBR in normal man is 47±10 cm3/min (5) . At a clearance rate of 100 ml/min, an entire week's production of BR could be removed in slightly over 3 h. In practice, a longer period would certainly be required since CBR will decrease as the column approaches equilibration, and the rate of BR removal (milligrams per minute) will fall as the plasma concentration declines. Furthermore, columns would need to be changed so that one could be eluted and regenerated while another was in use. Even if this results in a quadrupling of the time required to completely remove a week's endogenous BR production, the total of 12 h/wk compares favorably with that of standard hemodialysis prograimis for patients with renal failure. In more acute situations such as drug overdosage, hepatic coma, and neonatal jaundice, this approach may be more effective and perhaps less cumbersome and hazardous than exclhange transfusion.
Extracorporeal hemoperfusion over agarose bound albumin gels may thus be a practical means of assisting hepatic excretory functions in selected situations. Furthermore, use of specific binding proteins other than albumin may allow application of the general principle to a variety of clinical I)roblenls.
